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Because educational achievement at the end of compulsory schooling
represents a major tipping point in life, understanding its causes and
correlates is important for individual children, their families, and
society. Here we identify the general ingredients of educational
achievement using a multivariate design that goes beyond intelli-
gence to consider a wide range of predictors, such as self-efficacy,
personality, and behavior problems, to assess their independent and
joint contributions to educational achievement. We use a genetically
sensitive design to address the question of why educational achieve-
ment is so highly heritable. We focus on the results of a United
Kingdom-wide examination, the General Certificate of Secondary
Education (GCSE), which is administered at the end of compulsory
education at age 16. GCSE scores were obtained for 13,306 twins at
age 16, whomwe also assessed contemporaneously on 83 scales that
were condensed to nine broad psychological domains, including
intelligence, self-efficacy, personality, well-being, and behavior prob-
lems. The mean of GCSE core subjects (English, mathematics, science)
is more heritable (62%) than the nine predictor domains (35–58%).
Each of the domains correlates significantly with GCSE results, and
these correlations are largely mediated genetically. The main finding
is that, although intelligence accounts for more of the heritability of
GCSE than any other single domain, the other domains collectively
account for about as much GCSE heritability as intelligence. Together
with intelligence, these domains account for 75%of theheritability of
GCSE. We conclude that the high heritability of educational achieve-
ment reflects many genetically influenced traits, not just intelligence.
academic achievement | twin studies | behavioral genetics |
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Education is one of society’s biggest and most expensive en-vironmental interventions in children’s development, ac-
counting for more than 6% of the gross domestic product in
many countries (1). Differences among children in their educa-
tional achievement, especially culminating at the end of compul-
sory schooling, propel children on different lifelong pathways that
affect higher education, occupation, and even health and mortality
(1–4). Not only are differences in educational achievement im-
portant to society and to children as individuals, they are also
a focal concern for parents (5, 6). For these reasons, it is important
to understand the causes and correlates of differences among
children in their educational achievement.
Educational achievement refers to mastery of specific content,
including knowledge and skills for subjects such as literacy, nu-
meracy, and science. The word achievement, in contrast to
ability, connotes accomplishments by dint of effort. It is often
assumed that effort is relatively more environmentally influenced
than ability and thus that differences between children in their
educational achievement are environmental in origin, reflecting
differences among classrooms, schools, and parents (7, 8). This
assumption is reasonable because, for example, most children will
not learn to read or do arithmetic unless they are taught. How-
ever, genetic research has shown that individual differences in
educational achievement are substantially heritable (9–11). In-
deed, we have shown that educational achievement is significantly
more heritable than intelligence in the early school years (12). We
have recently found high heritability (58%) for the results of
a nationwide examination, the General Certificate of Secondary
Education (GCSE), which is administered in the United Kingdom
at the end of compulsory education at age 16 (13).
The present study asks why individual differences in educational
achievement at the end of compulsory education are so highly
heritable, focusing on children’s characteristics. Most phenotypic
studies of the correlates of educational achievement have in-
vestigated intelligence or working memory (14–16). Correlations
between IQ and educational achievement range between 0.4 and
0.7 (17). However, dozens of other traits have also been shown to
relate to educational achievement, such as self-efficacy and moti-
vation (18–21), emotional intelligence (22–25), personality (26–29),
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prosocial behavior (5), well-being (30), goals (31), curiosity (32),
beliefs about intelligence (33), self-efficacy (34), behavior prob-
lems (35, 36), health (37), and children’s perceptions of their
home environment (38) and their school environment (39).
These traits are intercorrelated, which suggests the need for
multivariate studies that can consider their joint and separate
contributions to educational achievement. However, few broad
multivariate phenotypic studies have been reported, although
several studies have included intelligence in addition to another
variable in predicting educational achievement (28, 40, 41).
Recently, a theoretical model that attempted to integrate re-
search on predictors of educational achievement focused on in-
telligence, specific interests, and personality, especially intellectual
curiosity and conscientiousness (42).
Phenotypic correlations between such traits and educational
achievement can be mediated genetically or environmentally,
which is important because environmentally driven associations
may be better targets for intervention. Relatively few studies
have used genetically sensitive designs that can disentangle genetic
and environmental sources of phenotypic correlations between
children’s traits and their educational achievement. Genetically
sensitive studies have largely focused on intelligence, consistently
showing that the phenotypic correlation between intelligence and
educational achievement is mediated genetically to a substantial
extent (43–50). Only a handful of studies have considered genetic
contributions to educational achievement from other traits in ad-
dition to intelligence, such as self-efficacy (51),motivation (52, 53),
personality (54), behavior problems (55–58), and perceptions of
home environment (59) and school environment (60). Because
these behavioral traits are correlated with each other and with
educational achievement, adding up their separate genetic con-
tributions to educational achievement could exceed the heritability
of educational achievement. Multivariate genetic research is
needed that considers the joint and independent contributions of
a wide range of predictors to the heritability of educational achieve-
ment, taking into account the intercorrelations among the predictors.
The only example to date is a twin study of longitudinal stability of
teachers’ grades at ages 11–17 for 800 pairs of twins that also
reported multivariate genetic analyses, in which the heritability of
teachers’ grades at age 11 were largely explained collectively by
genetic factors involved in intelligence, engagement, and exter-
nalizing behavior problems (61). This report led us to hypothesize
that the substantial heritability of test scores at the end of com-
pulsory education could almost entirely be explained by a larger set
of predictors that includes self-efficacy, personality, and well-being.
The Current Study
We included diverse behavioral correlates of educational
achievement in a multivariate genetic design, which allowed us to
consider the joint and separate contributions of these traits to
the heritability of educational achievement, taking into account
the intercorrelations among the traits. Our study was sufficiently
large to achieve adequate power to discriminate genetic and
environmental estimates of variance and covariance between
these behavioral correlates and educational achievement. The
sample was from the UK Twins Early Development Study (62)
and included 6,653 pairs of twins assessed on a set of examina-
tions of educational achievement, called the GCSE, administered
nationwide under standardized conditions at the end of compul-
sory education, typically at age 16. We created a composite GCSE
score based on the three compulsory core subjects of English,
mathematics, and science, which correlated 0.70 on average (see
Methods for details about the sample and measures).
We focused on nine broad domains of candidate correlates of
educational achievement: intelligence, self-efficacy, personality,
well-being, parent-rated behavior problems, child-rated behavior
problems, health, perceived school environment, and perceived
home environment. Each domain is represented by a general
composite rather than analyzing each of the scales within each
domain. The reason for using composite indices is that they make
the multivariate genetic analyses manageable and they provide an
overview of the extent to which these diverse domains of behavior—
considered separately and jointly—explain the heritability of edu-
cational achievement. In addition, our study was limited to mea-
sures included in the assessment of 16-y-old twins in the Twins Early
Development Study (TEDS). Although the TEDS assessment was
extensive, including 83 scales, it did not include all of the dozens of
variables that have been reported to be associated with educational
achievement. These two limitations—the use of general composite
indices and the noninclusion of some measures—are conservative in
the sense that including more fine-grained measures and additional
variables might explain even more of the heritability of educa-
tional achievement. Conversely, if, as we hypothesized, most of
the heritability of educational achievement is accounted for by
these composite indices, this suggests that other predictors do not
make a major independent contribution to the heritability of ed-
ucational achievement after accounting for the predictors in the
current study.
Results
The twin method was used to conduct univariate, bivariate, and
multivariate analyses of genetic and environmental influences on
the variance and covariance of the GCSE core subjects com-
posite (henceforth just GCSE) and its correlates (see Methods
for a description of the twin method and analyses). Table S1
shows means and SDs for the unadjusted GCSE core measure by
the five twin groups arising from sex and zygosity. The observed
mean sex differences are very small [males 8.86 (1.23), females
8.96 (1.21)]; the difference is statistically significant because of
the very large sample size. Sex, zygosity, and their interaction
account for less than 1% of the variance, and for subsequent
analyses, after outliers were removed, variables were age and sex
regressed and normalized using van der Waerden transformation
as explained in Methods. Full sex limitation genetic modeling has
previously been reported for GCSE and found only very minor
sex differences in genetic and environmental estimates (13). In
addition, the only other multivariate genetic analysis of this type
found little evidence of sex differences (61). For these reasons
and to increase power, the present analyses are based on the
total sample, combining sexes.
Univariate Genetic Analyses. GCSE is more highly heritable (62%)
than any of the nine predictor variables (35–58%), as summarized
in Fig. 1. Shared environmental influence, which could be due to
shared family or school environments, accounted for about
a quarter of the variance of GCSE (26%) and were 0% for
Fig. 1. Model fitting results for additive genetic (A), shared environment
(C), and nonshared environment (E) components of variance for GCSE and
nine predictors.
15274 | www.pnas.org/cgi/doi/10.1073/pnas.1408777111 Krapohl et al.
personality and child-rated behavior problems, 4% for in-
telligence, 21% for self-efficacy, and 36% for parent-rated be-
havior problems. Twin correlations are shown in Table S2 and
model-fitting univariate estimates are presented in Table S3 for
the standard ACE model that estimates additive genetic (A),
shared environmental (C), and nonshared environmental (E)
components of variance.
Bivariate Genetic Analyses. Fig. 2 illustrates the results of bivariate
genetic analyses, which estimate the extent to which the pheno-
typic correlations between GCSE and each of the nine domains
are mediated by genetic and environmental influences. The total
length of the bar represents the phenotypic correlation between
each of the domains and GCSE. The highest correlations with
GCSE emerged for intelligence (0.58), self-efficacy (0.49), par-
ent-rated behavior problems (0.33), and perceptions of school
environment (0.34). The full correlation matrix is presented in
Table S4.
Fig. 2 shows the proportion of the phenotypic correlation between
GCSE and each domain that is explained by genetic, shared envi-
ronmental, and nonshared environmental influences. For most of
these domains, genetic influences in commonwithGCSE accounted
for more than half of their correlation: intelligence (75%), self-
efficacy (64%), perceptions of school environment (59%), personality
(92%), well-being (53%), and behavior problems (81% for parent-
rated, 89% for child-rated). Shared environment significantly me-
diated the phenotypic correlation with GCSE for intelligence
(15%), self-efficacy (21%), school environment (31%), home en-
vironment (81%), well-being (34%), and health (28%). Cross-twin
cross-trait correlations are shown in Table S2, and model-fitting
estimates are included in Table S5.
Fig. 3 reorganizes the nine bivariate genetic analyses using
Cholesky analysis (Methods) to show the extent to which the
heritability of GCSE can be attributed to each predictor, in nine
separate bivariate analyses. The length of the bar indicates the
heritability of GCSE, which is estimated at 63% on average across
the nine bivariate genetic analyses. The Cholesky analysis divides
the heritability of GCSE into variance attributed to the predictor
variable and residual variance, which indicates genetic influences
on individual differences in GCSE independent of the predictor.
The greatest contributions to GCSE heritability are from intel-
ligence (51%) and self-efficacy (37%), with additional contri-
butions from child-rated school environment (20%), personality
(21%), well-being (8%), and behavior problems, both parent-rated
(21%) and child-rated (16%). Child-rated health and home envi-
ronment do not contribute to the heritability of GCSE. Model-
fitting estimates for Fig. 3 are included in Table S6.
Multivariate Genetic Analyses. In summary, although intelligence
accounts for most GCSE heritability, other domains also contrib-
ute significantly to GCSE heritability. Because the predictor
variables correlate with each other (e.g., intelligence and self-efficacy
correlate 0.35; see Table S4 for the full correlation matrix), their
contributions to GCSE heritability exceed 100% when summed
across the nine separate bivariate genetic analyses. For this reason,
we conducted a multivariate genetic analysis including all nine
predictors simultaneously to estimate how much of the GCSE var-
iance they explain jointly. Phenotypically, in a multivariate Cholesky
(conceptually similar to multiple regression) of GCSE on the nine
predictors, the nine predictors account for 45% of the variance of
GCSE. Multivariate genetic analysis (Cholesky) revealed that 75%
of the heritability of GCSE is explained jointly by the nine pre-
dictors. Table S7 provides details of the results of the phenotypic
and geneticmultivariate analyses, andTables S8–S10 provide details
for genetic, shared environmental, and nonshared environmental
correlation matrices.
We conducted an additional multivariate genetic analysis that
asked whether, independent of intelligence, the other predictors
collectively account for GCSE heritability. The eight predictors
other than intelligence explain 50% of the GCSE heritability;
adding intelligence raised this to 75%. Conversely, intelligence
by itself explains 51% of GCSE heritability (Fig. 3 and Table S7).
Discussion
We found that, although intelligence accounts for more of the
heritability of educational achievement at age 16 than any of the
other domains, the other domains collectively accounted for
about as much GCSE heritability as intelligence. Collectively, all
cognitive and noncognitive predictors accounted for 75% of the
heritability of GCSE. These genetic results turn some fundamental
assumptions about education upside down. For example, one of
the reasons that the contribution of intelligence is sometimes
considered controversial when discussing educational outcomes is
that intelligence is viewed as genetic, whereas achievement is
thought to be due to environmentally driven influences from home
and school. In addition, other behavioral traits such as self-efficacy
are presumed to contribute to educational achievement for envi-
ronmental reasons. However, our results suggest the opposite:
Genetic influence is greater for achievement than for intelligence,
and other behavioral traits are related to educational achievement
largely for genetic reasons.
Although correlates of educational achievement have been the
target of much research, there have been few multivariate studies,
especially using genetically sensitive designs. With nine broad
cognitive and noncognitive domains of children’s behavior distilled
from 83 scales, our phenotypic results show that educational
achievement is correlated with many characteristics of children,
Fig. 2. Bivariate estimates for additive genetic (A), shared environmental
(C), and nonshared environmental (E) contributions to the correlations be-
tween GCSE and nine predictors. The total length of the bar indicates the
phenotypic correlations.
Fig. 3. Bivariate estimates of the extent to which the heritability of GCSE
can be accounted for by each of the nine predictors, respectively (path a12
from the Cholesky decomposition; Fig. S1).
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not just intelligence. Our bivariate genetic results indicate that
these phenotypic correlations are largely mediated by genetic
factors. That is, to the extent that children’s traits predict educa-
tional achievement, they do so largely for genetic reasons, for ex-
ample, for personality (92%), behavior problems (81% for parent-
rated, 89% for child-rated), intelligence (75%), self-efficacy (64%),
and well-being (53%). Although intelligence accounts for more
GCSE heritability than any other single domain, almost as much
of the genetic contribution to GCSE heritability comes from the
joint contribution of children’s self-efficacy, behavior problems,
personality, well-being, and their perceptions of school environ-
ment. In our multivariate genetic analyses across the nine domains,
we were able to account for 75% of the high heritability (62%) of
differences between children in their educational achievement at
the end of compulsory schooling on the United Kingdom-wide
GCSE examinations. The only previous relevant study was pri-
marily a longitudinal genetic analysis of teachers’ grades in a sam-
ple one-sixth the size of the present study (61). Although not the
focus of that study, it included multivariate genetic results for
teachers’ grades at age 11 that were similar to those presented here
for test scores at the end of compulsory education at age 16. What
these findings mean is that children differ for genetic reasons in
how easily they learn and perform at the examinations, and not just
because of differences in intelligence, but because of a whole
package of genetically related characteristics including self-efficacy,
personality, and behavior problems, as well as intelligence.
In this study, our goal was to describe the general genetic land-
scape of educational achievement using broad behavioral domains.
The next step in this program of research is to zoom in for more
fine-grained analyses within each domain, both phenotypically and
especially genetically, which is the unique contribution of our large
twin study. For example, within the domain of intelligence, what are
the relative contributions of verbal and nonverbal abilities to GCSE
heritability? Within personality, what are the relative contributions
of the general “Big Five” personality traits such as extraversion and
neuroticism, as well as traits more specific to educational achieve-
ment such as grit, confidence, and optimism? For behavior prob-
lems, phenotypic research suggests, for example, that inattention
symptoms are more predictive of educational outcomes than hy-
peractivity symptoms (36), and genetic research suggests that ex-
ternalizing problems such as inattention are more predictive than
internalizing problems such as depression (61).
Although we focused on the genetic findings from this study to
address the question of why educational achievement is so highly
heritable, the results are also instructive about environmental
influences, which can only be disentangled from genetic influences
in genetically sensitive designs such as the twin method. Most
notably, shared environmental influence, which could be due to
the effects of shared family environment or shared schools,
accounts for 26% of the variance of educational achievement. This
shared environmental estimate could also be partially due to as-
sortative mating, as educational achievement and intelligence have
been reported to be subject to assortative mating where mate se-
lection depends on trait similarity between spouses (63). However,
if the sources of the variance are indeed shared environmental
factors, a question for future research is the source of this in-
fluence that accounts for a quarter of the variance in GCSE test
scores and would appear to be an especially good target for in-
tervention. At first glance, from our results, family and school
environment are both important candidates to explain shared
environmental influences on GCSE. More fine-grained studies will
be needed to identify precise environmental predictors.
It is important to emphasize that finding genetic influence is not
a counsel of despair in terms of helping children who find learning
difficult—heritability does not imply immutability. Heritability
describes the extent to which phenotypic variance can be ascribed
to DNA differences, on average, in a particular population at
a particular time. In other words, heritability describes what is; it
does not predict what could be. For example, despite high heri-
tability, with sufficient educational effort, nearly all children could
reach minimal levels of literacy and numeracy, which is an explicit
goal of education in Finland (64). Success in achieving that goal
would reduce phenotypic variance, which could change heritabil-
ity. Another example is greater equality of opportunity in educa-
tion would decrease environmental sources of variance and thus
increase heritability, which has been demonstrated empirically (65).
Nonetheless, our results are important for education in point-
ing to the pervasive role of genetics and not just for educational
achievement itself, nor just for intelligence, but also for most of
the other correlates of educational achievement. The ubiquitous
impact of genetics in education suggests the need for a new model
for education that moves from a passive model of schooling as
instruction (instruere, meaning “to build in”) to an active model of
education (educare, meaning “to bring out”) (7). That is, educa-
tion is more than what happens to a child passively; children are
active participants in selecting, modifying, and creating their
experiences that are correlated with their genetic propensities,
known in genetics as genotype–environment correlation.
No policy implications necessarily follow from finding that
genetics permeates educational achievement, because policy de-
pends on values and knowledge. However, it is to be hoped that
better policy decisions can be made with knowledge of genetic in-
fluence rather than assuming that all differences are environmental
in origin (7). For example, it is worth knowing that the successful
realization of values such as equality of educational opportunity will
not get rid of genetic differences between children. To the contrary,
heritability is likely to increase as environmental differences such as
educational inequalities are removed; in this sense, heritability can
be considered as an index of equality. Philosophically, it is impor-
tant to recognize that children differ for genetic reasons in how easy
and enjoyable they find learning. For example, genetic thinking
counters the deplorable tendency to blame teachers and parents
rather than recognizing that learning is inherently more difficult
for some children and that differences in children’s educational
achievement are more a matter of genes than schools or home
environments. At the practical level of curricula, the active geno-
type–environment correlation model of education adds support for
the trend in education toward personalized learning. This trend
toward personalized learning has become more practical with rapid
advances in technology and educational software to supplement or
supplant one-size-fits-all traditional systems of education. More
specifically, our results showing strong connections between non-
cognitive domains and educational achievement suggest that these
domains are also plausible candidates for intervention, although
there is a need for longitudinal research such as cross-lagged
analysis to explore causality more explicitly.
Methods
Participants. TEDS is a multivariate longitudinal study that recruited more
than 11,000 twin pairs born in England and Wales in 1994, 1995, and 1996.
The recruitment process and the sample are described in detail elsewhere
(62). The TEDS sample is representative of the UK population compared with
the data obtained by the Office of National Statistics (46). The project re-
ceived approval from the King’s College London Institute of Psychiatry ethics
committee, and parental consent was obtained before data collection.
The sample for the present study included all individuals who hadGCSE and
other measures available at the age of 16. GCSE results at age 16 were
available for 13,306 individuals. Children with major medical or psychiatric
problems or severe perinatal medical problems were excluded from the
analyses. Additionally, children whose first language was not English and
whose zygosity was unknown or uncertain were excluded. Zygosity was
assessed through a parent questionnaire of physical similarity, shown to be
95% accurate when validated against DNA testing (66). DNA testing was
conducted where zygosity was unclear from this questionnaire. The present
analyses were thus conducted on 13,306 individuals comprising 6,653 twin
pairs: 2,362 monozygotic (MZ) pairs, 2,155 same-sex dizygotic (DZ) twin pairs,
and 2,136 opposite-sex DZ twin pairs.
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GCSE Measures. The GCSE is a UK nationwide examination taken at the end of
the compulsory education. GCSE courses start typically at the age of 14, and
the examinations are taken at the age of 16. The courses include a variety of
subjects from traditional core academic subjects such as English and math-
ematics, to geography, history, music, modern foreign languages, physical
education, and information and communication technology (ICT). Typically,
students take 10 or more GCSE examinations at the end of compulsory ed-
ucation. English, mathematics, and science (composed of single-weighted or
double-weighted science, or when taken separately, physics, chemistry, and
biology) are compulsory courses. Many schools also require students to take
English literature and onemodern foreign language. The data for the present
study were collected by questionnaires sent by mail and by telephone in-
terview of parents and twins themselves. After completed forms were re-
ceived from the families, the grades were coded from 11 (the highest grade,
A*) to 4 (the lowest pass grade, G); no information about failed results was
available. For 7,367 twins, self- and parent-reported GCSE results were ver-
ified using data obtained from the National Pupil database (NPD; www.gov.
uk/government/uploads/system/uploads/attachment_data/file/251184/
SFR40_2013_FINALv2.pdf), yielding correlations of 0.98 for English,
0.99 for mathematics, and >0.95 for all sciences.
For the present study, a composite measure of the compulsory core
subjects was calculated and used in all analyses, because the scores on the core
subjects were highly correlated (average of 0.70). This GCSE coremeasure was
constructed as the mean of English, mathematics, and science scores: the
mean of the English grade (the English language grade, or the mean of the
English language grade and the English literature grade if both were taken),
the science mean composite (the mean of all science GCSEs taken), and the
mathematics grade. A GCSE core composite was created only if at least two of
the three measures were available.
The GCSE measure was corrected for the small mean effects of age and sex
(Table S1) by rescoring the variable as a standardized residual correcting for
age and sex, as is standard practice in the analysis of twin data because
members of a twin pair are identical in age and MZ twins are identical for sex,
which would otherwise inflate twin estimates of shared environment (67).
Finally, before conducting twin analyses, the GCSE measure was corrected for
skew because the measure was negatively skewed, showing a ceiling effect
similar to that observed in UK national statistics (NPD; www.gov.uk/government/
uploads/system/uploads/attachment_data/file/251184/SFR40_2013_FINALv2.
pdf). The GCSE measure was corrected for skew by mapping it on to a standard
normal distribution using the rank-based van der Waerden’s transformation
(68, 69).
Measures Used to Predict GCSE. Data obtained from the twins and their
families at age 16 for a range of cognitive and noncognitive measures were
used to predict GCSE scores. These 83measures were reduced to nine domains
for the purpose of data reduction only; it should be noted that each domain
was not assumed to reflect a single underlying latent factor. The data were
collected by web-testing and questionnaires sent by mail.
Before domain composites were created, scales that correlated negatively
with GCSE (such as behavior problems) were reversed so that scales within each
domaincouldbesummedandaveraged.AswithGCSE,all83scaleswererescored
as standardized residuals correcting for mean effects of age and sex. The scales
were standardizedwithameanof0andaSDof1.0 so that they contributedequally
when summed and averaged for each domain. Mean scores were calculated in
thiswayforninedomains:general intelligence(Raven’sProgressiveMatricesand
Mill Hill Vocabulary test), educational self-efficacy (5 scales suchas academic self-
concept, interest/enjoyment, attitudes toward key subjects), child-reported per-
sonality (10 scales such as Big Five Factors, optimism, and grit), child-reported
well-being (17 scales, such as life satisfaction, happiness, hopefulness), parent-
reported behavioral problems (12 scales such as hyperactivity, impulsivity,
emotional lability), child-reported behavioral problems (8 scales such as
peer problems, antisocial behavior, depression), child-reported health (9
scales such as body mass index, puberty status, sleep problems), child-repor-
ted school environment (10 scales such as engagement with school, attitudes
to school, classroomenvironment), and child-reported home environment (10
scales such as chaos, monitoring, support). A more detailed description of the
scales used to create composites is available at www.teds.ac.uk/downloads/
Description83scales9domains.pdf. Composite scores were coded as missing
when more than 40% of scales within that domain were missing.
Analyses. The twin method was used to conduct univariate, bivariate, and
multivariate analyses of genetic and environmental influences on the vari-
ance and covariance of GCSE and the predictors of GCSE. The twin method
assumes that twins reared together resemble each other due to the additive
effects of shared genes or shared environmental factors. Identical, or MZ,
twins share all segregating genes and are therefore 100% similar genetically.
Nonidentical, or DZ, twins, on average, share half their segregating alleles,
resulting in 50% genetic resemblance (like nontwin siblings). The correlation
between twins for shared environmental effects is assumed to be 1.0 for both
MZ and DZ twins growing up in the same family. Nonshared environmental
influences are uncorrelated between twins and contribute to differences
between them. On this basis, it is possible to decompose phenotypic variance
and covariance into additive genetic (A), shared environmental (C), and
nonshared environmental (E) etiologies (11).
We began by comparing intraclass correlations forMZ andDZ twins. To the
extent that MZ twins correlate more highly than DZ twins, genetic influences
(A) are implied. Shared environmental effects (C) are inferred from the re-
sidual familial resemblance not explained by heritability and can be esti-
mated by subtracting the estimate of heritability from the MZ correlation.
The difference between the MZ twin correlation and unity represents an
estimate of nonshared environmental effects andmeasurement error (E). The
ACE model parameters, together with confidence intervals, can be calculated
more accurately using structural equation modeling with maximum-likeli-
hood estimation, which also provides formal model fit statistics (70). Models
were fit using the structural equation modeling program OpenMx (71). All
fit statistics are available from the corresponding author on request.
Bivariate genetic analysis of covariance between variables is an extension of
the univariate genetic analysis of variance. MZ and DZ cross-trait cross-twin
correlations are examined to decompose the covariance between traits into
additive genetic (A), shared environmental (C), and nonshared environmental (E)
components. The bivariate genetic model estimates genetic and environmental
mediation of the phenotypic correlation between variables (Fig. S1). Central to
bivariate genetic analysis is the genetic correlation, which is the extent to which
genetic effects on one variable are correlated with genetic effects on another
variable, which is an index of pleiotropy. Genetic mediation of the phenotypic
correlation between two variables is the genetic correlation weighted by the
heritabilities of the two variables (Fig. S1A). An alternative representation of
bivariatemodel-fitting is Cholesky decomposition (Fig. S1B), which focuses on how
much of the variance of one variable can be accounted for by another variable,
which is well suited to addressing our central question of the extent to which the
heritability of GCSE can be explained by each of the nine predictor domains.
A series of nine bivariate analyses addressed the question of how much of
the phenotypic variance and how much of the heritability of GCSE scores can
be explained by each of the domains. Additionally, the proportion of phe-
notypic correlation between the GCSE core measure and nine domains was
decomposed into additive genetic (A), shared environmental (C), and non-
shared environmental (E) factors. This series of bivariate analyses did not
control for variance explained by the other domains. Therefore, the phe-
notypic and genetic variance in GCSE explained by these individual bivariate
analyses was expected to exceed 100% across the nine domains. A multi-
variate genetic extension of Cholesky analysis was used to estimate the extent
to which the nine domains jointly explain the heritability of GCSE, taking into
account the covariance among the nine domains.
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